OBJECTIVES: The red cell distribution width (RDW) has been identified as an independent risk factor with regard to prognosis in patients with coronary artery disease with or without heart failure. We sought to investigate the role of RDW in patients undergoing isolated coronary artery bypass graft surgery (CABG).
INTRODUCTION
The red cell distribution width (RDW) is a measure of the variability in the size of red blood cells, and is utilized to narrow the differential diagnosis of anaemia [1] . The term 'width' refers to the width of the volume curve, and not the width of the red cell. Mathematically, the RDW is calculated using the following formula: (standard deviation of MCV/mean MCV) × 100, where MCV represents the mean corpuscular volume.
The RDW has previously been shown to be a significant factor determining long-term survival in patients with heart failure or without heart failure, but a history of coronary disease [2, 3] . RDW interpretation needs to be taken in conjunction with haemoglobin levels [4] .
We sought to investigate the effect of RDW, after adjustment for the haemoglobin level, on in-hospital mortality, long-term survival, myocardial damage as assessed by creatine kinase muscle-brain (CKMB) isoenzyme release, and the length of hospital and critical care stay (ITU).
METHODS
Permission was granted by the local institutional review board for this retrospective study. The characteristics of the study population are shown in Table 1 . All RDW measurements were made in a single university associated dedicated haematology laboratory. The study cohort was from 1 January 2003 to 31 December 2008.
Outcome measures
The primary outcome was in-hospital mortality and long-term survival.
The secondary outcome measures were hospital and ITU length of stay, and Day 1 postoperative CKMB expressed in units/l, which was utilized as a surrogate marker of myocardial damage post cardiac surgery [5] . The CKMB was a single measurement value on the first morning following surgery.
As previously described, the national strategic tracing service in the UK was utilized to track patients long-term survival [6, 7] . in categorical or continuous factors between the different categories of RDW.
In-hospital mortality was assessed by stepwise logistic regression analysis. ITU length of stay was assessed by linear regression analysis. Long-term survival was assessed by stepwise Cox regression analysis. Multiple linear regression was utilized to analyse CKMB release, length of hospital and ITU stay. The entry criteria was P < 0.05, and the removal criteria was P > 0.1 for multivariate analysis. The results of the Cox regression analysis was plotted at the mean of the covariates. The confounding effect of haemoglobin was adjusted for as previously described [2] . The RDW was analysed as a continuous variable for all analyses. For the graphical representation of long-term survival, it was analysed by quartile.
Statistical software
All statistical analyses were performed using MedCalc for Windows (version 12.2.1, MedCalc Software, Mariakerke, Belgium).
RESULTS

Study population
The characteristics of the population studied, N = 8615, are shown in Table 1 . Overall mortality was 2.1% for all cases. The median follow-up was 5.8 years. Patients with higher RDW levels tended to have poor ejection fractions, P = 0.03, have low haemoglobin levels, P < 0.0001, and raised serum creatinine levels, P = 0.01, Table 2 (footnote a). The RDW ranged from 11.5 to 27.9% (median, 14.2%; interquartile range, 13.5-15.3%; mean, 14.6), and 3305 (38%) had RDW levels outside the normal range of 11.8-14.6% with the RDW <11.8 (n = 5 [0.08%]) and >14.6 (n = 3300 [38%]). Figure 1 demonstrates that the RDW has a significant effect on CKMB release, P = 0.001, in-hospital mortality, P < 0.0001, and long-term survival, P < 0.0001, but no significant effect on the ITU length of stay, P = 0.9, or hospital length of stay, P = 0.2.
Univariate analysis
Multivariate analysis
In-hospital mortality. Logistic regression (ROC = 0.84, HosmerLemeshow test, P = 0.34) demonstrated that RDW, P < 0.0001, moderate ejection fraction, P = 0.001, poor ejection fraction, P = 0.0001, preoperative dialysis, P < 0.0001, female sex, P < 0.0001, resternotomy, P < 0.0001, and postoperative CKMB, P < 0.0001, were significant determinants of postoperative in-hospital mortality Table 3 . Stepwise analysis excluded left internal mammary artery (LIMA) usage, body mass index (BMI), diabetes, preoperative haemoglobin, preoperative atrial fibrillation, hypertension and peripheral vascular disease as being significant factors.
Long-term survival analysis. Multivariate Cox regression
analysis demonstrated that RDW, P = 0.0002, age, P < 0.0001, female sex, P < 0.0001, insulin-controlled diabetes, P < 0.0001, medication controlled diabetes, P = 0.0003, moderate or poor ejection fraction, P < 0.0001, BMI, P = 0.003, previous stroke, P < 0.0001, dialysis P < 0.0001, LIMA used, P < 0.0001, logistic EuroSCORE, P < 0.0001, CKMB, P < 0.0001, preoperative haemoglobin, P = 0.02, and preoperative atrial fibrillation, P = 0.001, were significant determinants of long-term survival, Table 4 .
Stepwise analysis excluded diet-controlled diabetes and hypertension as being significant factors. Analysis was redone with RDW analysed by quartile; the effect on long-term survival, plotted at the mean of the covariates, is shown in Fig. 2 .
CKMB release. Linear regression of isolated CABG operations
demonstrated that cross clamp time, P = 0.002, cardiopulmonary bypass (CPB) time, P < 0.0001, diabetes, P = 0.04, female sex, P = 0.001, hypercholesterolemia, P < 0.0001, BMI, P = 0.01, and logistic EuroSCORE, P = 0.002, were significant determinants of postoperative CKMB, Table 2 (footnote b) (R 2 adjusted 0.04). Stepwise analysis excluded RDW, age, diabetes, ejection fraction, peripheral vascular disease, preoperative haemoglobin, hypertension, preoperative dialysis, and preoperative atrial fibrillation as being significant factors. The low R 2 adjusted indicates that ITU length of stay. Linear regression demonstrated that logistic EuroSCORE, P < 0.0001, resternotomy, P < 0.0001, diabetes, P = 0.003, female sex and postoperative CKMB, P < 0.0001, were significant factors determining ITU length of stay, Table 2 (footnote c) (R 2 adjusted 0.01). Stepwise analysis excluded RDW, preoperative haemoglobin, age, sex, peripheral vascular disease, BMI, and preoperative atrial fibrillation, as being significant factors. The low R 2 adjusted indicates that the regression model is poor and that other factors influence ITU length of stay.
Confounding factor analysis. All of the above analyses were repeated, excluding all patients with haemoglobin <10 g/dl, and then 11 g/dl. The RDW was still a significant determinant of long-term survival (data not shown).
DISCUSSION
The RDW is a significant determinant of in-hospital mortality and long-term survival post isolated CABG surgery. This is consistent with previous findings in patients with heart failure, a history of coronary artery disease or those who have undergone a percutaneous coronary intervention. We limited our analysis to isolated CABG as combined valve and graft procedures are heterogeneous in nature and could potentially skew the results.
To reduce the risk of confounding, we adjusted for a comprehensive list of characteristics known to influence the outcomemeasures. We also determined the factors that were associated with higher levels of RDW preoperatively and adjusted for these factors. This increases the likelihood that a higher RDW is independently associated with adverse outcomes, but the mechanism underlying this association is unclear. The possible mechanisms include nutritional deficiency (vitamin B12 or folate), and recent 
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As with previous work our RDW data are positively skewed, with the majority of patients having a higher RDW than the normal range. Previous work has unidentified age and sex as significant determinants of a high RDW, in addition to ventricular function, a surrogate marker of heart failure, preoperative haemoglobin and renal function that we identified. It should be noted that our study cohort was not restricted to patients under the age of 75 years, as previous work has [2] .
In-hospital mortality was significantly affected by RDW values in addition to logistic EuroSCORE, CKMB release, insulin-controlled diabetes, age, ejection fraction, dialysis, female sex, peripheral vascular disease, preoperative atrial fibrillation and resternotomy. Two separate analyses were performed in patients with haemoglobin <10 or 11 g/dl excluded, and both identified RDW as a significant factor, implying that the RDW effect is independent of haemoglobin levels until patients become very anaemic.
The RDW was a significant factor determining long-term survival, in addition to age, female sex, diabetes, ejection fraction, BMI, peripheral vascular disease, dialysis, LIMA usage, logistic EuroSCORE, CKMB, preoperative haemoglobin and preoperative atrial fibrillation (AF). Prognostic factors affecting survival have become increasingly important since the introduction of stenting [10] . Identification of patient subgroups that may have a better or worse prognosis is important, especially for comparative studies involving surgery and stenting. With the increased incidence of stenting of low SYNTAX score coronary lesions, cardiac surgeons are facing more complex coronary anatomy. Future studies may need to take into account the nature of the coronary disease, although this has been questioned [11, 12] . The RDW was not a significant factor affecting the ITU length of stay or hospital length of stay. The R 2 adjusted for the both of these analyses was poor, indicating that factors other than those identified were having a large effect on the outcome. The factors such as poor tissue quality and mobility are difficult to quantitate, even though they are known to affect outcomes. EuroSCORE II has attempted to address this issue with regard to poor mobility [13] .
With regard to postoperative complications, multivariate analysis failed to demonstrate RDW as a significant factor determining postoperative mediastinal blood loss, the need for blood transfusion, reoperation for bleeding, postoperative AF, and superficial and deep sternal wound infections (data not shown).
Previous work has demonstrated an increased incidence of arteriovenous fistula failure in patients requiring dialysis [14] . Extrapolation to graft failure post CABG would seem obvious, although no evidence exists to support this hypothesis. Unfortunately, we do not have mode of death of our patients to confirm or refute this hypothesis.
Currently renal function is the only routinely measured preoperative blood marker used in the prediction of postoperative death [15, 16] . The use of RDW in combination with the known prognostic markers such as preoperative haemoglobin and cardiac enzymes may increase the c-statistic and improve the Hosmer-Lemeshow statistic of risk models. The mechanism of association of the RDW with poor outcomes is unknown; however, this does not preclude its use in a risk model, but makes modifying the RDW to reduce the risk of death impossible in the absence of anaemia.
A recent publication by another group [16] in a similar-sized population study confirms our findings that the RDW is a significant factor after risk adjustment determining in-hospital mortality and long-term survival in patients post isolated CABG. Strengths of our analysis include its relatively large size and the use of a single laboratory for all assays. Further work is needed to elucidate the mechanism of RDW impact on in-hospital mortality and long-term survival.
LIMITATIONS
Different cardiac enzyme markers are known to have different time courses, sensitivities and specificities for CKMB; however, CKMB is known to be a reliable marker for myocardial damage post cardiac surgery. We do not have any Troponin I or T levels for comparative purposes [17] . We do not have any SYNTAX scores for the coronary vessels grafted; however, debate exists on the effect of the SYNTAX score and long-term survival [11] . The mode of death is unknown in our study.
